In this paper, the eect of transmitter beam size on the performance of free space optical (FSO) communication has been determined experimentally. Irradiance prole for varying turbulence strength is obtained using optical turbulence generating (OTG) chamber inside laboratory environment. Based on the results, an optimum beam size is investigated using the semi-analytical method. Moreover, the combined eects of atmospheric scintillation and beam wander induced pointing errors are considered in order to determine the optimum beam size that minimizes the bit error rate (BER) of the system for a xed transmitter power and link length. The results show that the optimum beam size increases with the increase in zenith angle but has negligible eect with the increase in fade threshold level at low turbulence levels and has a marginal eect at high turbulence levels. Finally, the obtained outcome is useful for FSO system design and BER performance analysis.
Introduction
Laser beam propagation through random medium such as atmosphere or underwater has been studied extensively for many years [1, 2, 3, 4, 5, 6] . This technology has several advantages over traditional radio frequency (RF) or microwave communication owing to its increased power eciency, low mass and space requirement, higher directivity (i.e., larger antenna gain), and tari-free extremely high bandwidth [7] . Also, FSO link provides high security due to beam connement within a limited area and is less sensitive to electromagnetic interferences. However, various phenomena in the atmosphere such as absorption, scattering and turbulence limits the performance of FSO link. Out of these three eects, turbulence in the atmosphere can critically inuence the quality of optical beam and degrade the system performance.
In the case of ground-to-satellite optical communication, the major concern is due to turbulence-induced beam wander and scintillation eects [8, 9] . The beam wander induced by the turbulence causes the beam to deect from its original line-of-sight (LOS) path leading to pointing error displacement which further induces a change in the scintillation index. This later degrades the BER performance of the system [10] . The combined eect of beam wander and intensity scintillation due to atmospheric turbulence on the BER performance of the system is signicantly aected by the transmitted beam size and zenith angle. Titterton [11] was the rst author to deal with scintillation and beam wander simultaneously and showed that the irradiance uctuations with combined eect were substantially larger than caused by scintillation alone. For FSO uplink, the transmitter beam size is smaller than the outer scale of turbulence and therefore, it causes the optical beam to get displaced from its on-axis position and leave the atmosphere with a signicant change in direction. However, this eect is negligible during downlink from the satellite as the beam size is much larger than the turbulent eddies when it enters the Earth's atmosphere and therefore, do not displace the beam's centroid signicantly [12] .
Most of the previous literature have carried out a theoretical analysis of combined eect of atmospheric scintillation and pointing errors due to beam wander eect. The BER performance of groundto-satellite FSO uplink using beam wander eect has been studied in [13] . In [14] , the authors have presented a theoretical study of scintillation and beam wander analysis for ground-to-satellite uplink communication using fast-Fourier-transform beam propagation method. The spatial and temporal statistics of beam wander eect for FSO uplink has been studied analytically in [15] . In [16, 17] , the authors have compared the theoretical and simulated results for analyzing the increase in scintillation due to the eect of beam wander for 10 km horizontal path propagation at high altitude. Another simulation based study on the eect of beam wander on the BER performance of FSO system using collimated and focused Gaussian beam has been carried out in [18] . A theoretical study of the inuence of beam wander on ground-to-satellite FSO uplink for a collimated untracked Gaussian beam and its impact on BER system performance has been carried out in [19] . The experimental study on beam wander eect under varying atmospheric turbulence was carried out in [8] . Later in [20] , the eect of spatial coherence of a Gaussian Schell-model (GSM) beam on beam wander was studied experimentally and it was demonstrated that GSM beam with low coherence experience small beam wander eect. In [21] , optical spatial lter was proposed to reduce the eect beam wander caused due to turbulence in the atmosphere.
To the best of author's knowledge, the experimental investigation of optimum transmitter beam size for FSO uplink considering beam wander eect is carried out rst time in this paper. Based on gamma-gamma distribution model of irradiance uctuations, probability density function (pdf ) of received irradiance is computed using a semi-analytical method by varying the temperature and wind speed inside the OTG chamber. The experimental results are then used to determine the optimum beam size that minimizes the BER performance of the system. Our work will be benecial for system design requirements in FSO uplink communication system. The rest of the paper is organized as follows: Section 2 describes the channel model and the eect of beam wander on ground-to-satellite FSO uplink. Experimental description and characterization of atmospheric turbulence is discussed in Section 3. Finally, the experimental results and conclusions are presented in Sections 4 and 5, respectively.
Atmospheric Turbulence and Beam Wander Eect
For ground-to-satellite FSO communication, the laser beam has to pass through random inhomogeneities in the atmosphere arising due to refractive index uctuations. These uctuations are described by a parameter called`refractive index structure parameter' C 2 n (h) which gives the strength of turbulence in the atmosphere as a function of height above the ground. It is the most critical parameter that can be obtained by measuring temperature (T ), pressure (P ), wind speed (V ) and temperature spatial uctuations (∆T ) along the propagation path and is given as [22] C 2 n = 79 × 10 −6 P T 2
where C 2
T is the temperature structure parameter which is determined by taking the measurements of mean square temperature between two points separated by a certain distance along the propagation path (in deg 2 /m 2/3 ) and is expressed as
where ∆T = T 1 − T 2 (T 1 and T 2 are the temperatures of two arbitrary point separated by a distance r) and the angle bracket denotes an ensemble average. The prole model of C 2 n describes the variation in structure parameter as a function of altitude h. Several day time and night time prole models are used for FSO communication [7] . One of the most popular empirical model is Hufnagel-Valley Boundary (HVB) model described by
where V is the RMS wind speed in m/s and A is the value of refractive index structure parameter at the ground i.e., C 2 n (0). The presence of turbulence in the atmosphere will lead to the formation of 
where θ is the zenith angle, λ is the operating wavelength, W 0 is the transmitter beam size, H and h 0 are the altitude of satellite and transmitter, respectively. For ground based transmitter, h 0 = 0 and satellite altitude H = h 0 + Lcos (θ), where L is propagation length. The other parameter r 0 is the atmospheric coherence length (or Fried parameter) dened by
where k = 2π/λ is the optical wave number. The beam wander eect will lead to eective pointing error of the beam σ pe given as
In the above equation, the parameter C r is a scaling constant typically in the range from 1 to 2π. Fig.1 shows the FSO uplink propagation model for Gaussian beam illustrating the transmitter beam size W 0 , spot size W (L), mean transmit intensity I (r, 0), mean received intensity I (r, L) and angular pointing error α r . Beam wander induced pointing error will further increase the scintillation index whose value will be dierent from that predicted by conventional Rytov theory [19] . According to rst-order Rytov theory, the scintillation index σ 2 I is expressed as sum of longitudinal σ 2 I,l (L) and radial components σ 2 I,r (r, L). However, when considering beam wander eect for FSO uplink, the increase in σ 2 I,l (L) should be considered as the eect of beam wander may increase the long-term beam prole near the bore-sight and results in a slightly attened beam. Therefore, for FSO uplink, the longitudinal scintillation index consists of two components i.e., scintillation produced by beam wander eect and scintillation produced due to longitudinal displacement (i.e., due to intensity uctuations of the beam not subject to beam wander eect ) which is expressed as
In the above equation, α pe = σ pe /L is the angular pointing error due to beam wander and σ 2 R is the Rytov variance of the Gaussian beam without considering beam wander eect which is given as
Here, Λ = 2L/kW 2 , ξ = h − h 0 /H − h 0 , W and F are the beam spot size and radius of curvature, respectively as viewed in the receiver plane. Similarly, the radial component of scintillation is given as
where α r = r/L and U (x ) is a unit step function. For small radial displacement i.e., r < σ pe , the scintillation index σ 2 I,r (r, L) = σ 2 I,l (L). These expressions are later used in Section 3 to study the variation of scintillation index as a function of transmitter beam size for various turbulence strength generated inside OTG chamber.
Experimental Set-up and Turbulence Characterization
This section gives the description of the experimental setup used to generate turbulence inside laboratory environment. The setup is built in such a way so that it allows the laser beam to propagate through closed turbulent chamber where the turbulence can be controlled by varying temperature or wind speed inside the chamber. Further, in order to emulate the beam propagation through decreasing temperature prole with the increase in altitude, the laser beam is allowed to pass through a vertical column where liquid nitrogen is poured from the top to build up a negative temperature gradient inside the column. An experimental setup for FSO communication consisting of a transmitter, atmospheric channel, and a receiver is shown in Fig. 2 .
Pouring liquid nitrogen
Hot air in The transmitter used in the experiment is a laser source with maximum output power of 10 mW operating at a wavelength of 1550 nm. A beam expander is used to expand the width of transmitted beam from the laser source. This expanded beam is then passed through an atmospheric channel consisting of an OTG chamber which generates an articial turbulence inside the laboratory environment by forced mixing of cold and hot air [8, 10] . Honeycomb lters are used to allow laminar airow inside the mixing zone of OTG chamber. A three dimensional and top view of OTG chamber is shown in Fig. 3(a) Dierent values of atmospheric turbulence can be generated by varying pressure, speed or temperature of the air ow inside the chamber. For this reason, the temperature inside the chamber is controlled by varying the variac connected to the heater. The air intake at one end of the channel is kept at room temperature while hot air is blown from the other side whose temperature is controlled using the electrical heater. The velocity inow of the air is controlled by varying the rpm of the fans connected to the OTG chamber. By varying the variac connected to heater and rpm of fans, we are able to generate varying strength of turbulence inside the chamber. Laser beam propagation is kept perpendicular to the direction of the turbulent air ow. The aberrated wavefront after OTG chamber is passed through a vertical column which has a mirror arrangement inside it to allow vertical propagation of the optical beam. In order to create a negative temperature gradient as present in the atmospheric channel, we poured liquid nitrogen from the top of the vertical column. The optical beam from the vertical column is then captured by the beam proler. Neutral density lter of transmissivity 0.3% is used before the beam proler to avoid its saturation. The whole setup was xed on a vibration free 
Results
Following the procedure described in Section 3, the variance of beam centroid due to beam wander eect and its corresponding C 2 n · H value is observed for various temperature dierences. After characterizing the turbulence inside OTG chamber, scintillation index is determined using Eqs. 6 to 10 for a given operating wavelength, λ = 1550 nm, zenith angle, θ = 0 0 , transmitter height, h 0 = 0, transmitter beam size, W 0 and propagation distance, L = 5 m. These values are then used to plot PDF of the received irradiance using semi-analytical method for gamma-gamma distribution model which is given as [3] f I (i) = 2 (αβ)
where Γ and K are the Gamma function and modied Bessel function of the second kind, respectively.
The parameters α and β are expressed as
I (r, L) is the mean intensity in the presence of turbulence and is given by
where W LT is long term spot size which is formed by superposition of the instantaneous spots that reach the receiver and under weak uctuations is given by
Probability distribution function for received irradiance is shown in Fig.  4 for various values of temperature dierences inside OTG chamber. It is observed that for a xed transmitter beam size, increase in temperature dierence (or turbulence) causes the pdf to shift towards the left till it becomes negative exponential at higher temperature dierence. Further, the pdf is observed at a xed temperature of 10 K for dierent values of transmitter beam size. It was observed that the intensity distribution decreases with the increase in the transmitter beam size as shown in Fig. 5 . A similar trend was seen at higher values of temperature dierences except that in this case, the curve shifts towards the left till the distribution becomes negative exponential. This clearly indicates the signicance of transmitter beam size on the statistical characteristics of the received signal. operating at 1550 nm and zero zenith angle. It is to be mentioned that the trend of curve will remain same at other operating wavelengths aswell, however, the dip in scintillation index may be observed at some other value of transmitter beam size. Also, in case of long link distances that cannot be emulated in laboratory controlled environment e.g., ground-to-satellite uplink communication, large scale fading eect caused due to free space path loss and beam divergence loss have to be considered.
Similarly, Fig. 7 shows the eect of radial displacement on the value of scintillation index for a given transmitter beam size. It is observed that there is very little eect on the scintillation index for a small propagation distance of 5 m. However, we see an increase in the value of scintillation index with the increase in turbulence level.
Since BER is a function of beam size and scintillation index, it is evident that there exist an optimal beam size that minimizes the BER of the system. For smaller beam size, beam wander induced pointing error increases while for larger beam size, the value of scintillation index increases. Therefore, the combined eect of beam wander induced pointing error and scintillation index will help in achieving an optimum beam size that minimizes the BER of the system. For intensity modulated system with 
Usually, fade threshold parameter F T h is used instead of intensity threshold which is given as Fig. 9 . For a given transmitter beam size, an increase in fade threshold level, decreases the value of BER of the system. From Figs. 8 and 9 , it is evident that BER is signicantly aected by beam size, fade threshold level, and zenith angle. Also, there exist an optimum beam size for which the value of BER is minimum. 10 and 11 give the variation of optimum beam size W opt as a function of fade threshold level F T h and zenith angle θ, respectively for which the value of BER is minimum. It is clear from Fig. 10 that optimum beam size remains fairly constant with change in fade threshold level for low turbulence levels. However, there is a slight increase in optimum beam size for higher values of turbulence. Fig. 11 shows an increase in the value of optimum beam size with increase in zenith angle. A sharp increase in beam size is observed after zenith angle of 40 degrees.
It is clear from the results that for small propagation length L and angular displacement α r (i.e., α r < α pe ), the radial component of scintillation index σ 2 I,r (r, L) vanishes and the total scintillation index is due to longitudinal scintillation index σ 2 I,l (L) only. Since longitudinal scintillation index σ 2 I,l (L) is a function of induced pointing error due to beam wander, it gives a range of transmitter beam size for which scintillation index and correspondingly BER value is minimum for given operating wavelength, fade threshold, and propagation length. It is observed that BER is a decreasing function of a fade threshold F T h whereas for a xed F T h , there exist an optimal beam size for which BER is minimum.
These results are signicant in the case of FSO uplink as the transmitter beam size is much smaller than the turbulent eddies near the transmitter. 
Conclusions
In this paper, the eect of turbulence-induced beam wander variance is investigated experimentally using OTG chamber. Turbulence characterization inside OTG chamber is carried out and the results are then used to analyze the combined eect of beam wander and scintillation for FSO uplink communication. It is shown that there exist an optimum beam size for which the value of BER is minimum for given operating wavelength, transmitter power, and link length. The optimum beam size changes its value with zenith angle and remains almost independent of a fade threshold level for low turbulence levels. However, a slight increase in optimum beam size is observed with a fade threshold level at higher values of atmospheric turbulence. These results will be useful while choosing system design parameters for FSO uplink communication.
